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Introduction
Ionic liquids (ILs), a class of low-melting-point organic salts, are promising candidates as high performance "green" lubricants due to their negligibly low vapour pressure, excellent thermal stability, electrical conductivity and controllable physical and chemical properties. ILs are thus proposed to solve some of the most difficult lubrication problems occurring in a number of engineering applications (Palacio & Bhushan, 2010) . For example, micro electrical mechanical systems (MEMS) require low-viscosity lubricants to overcome high static friction, while a number of medical-and bio-engineering applications require use of low vapour pressure lubricants with high electrical conductivity and heat capacity (Nainaparampil, Eapen, Sanders & Voevodin, 2007; Palacio & Bhushan, 2008; Pu, Jiang, Mo, Wang & Xue, 2011) .
It was hypothesised that ILs may be effective lubricants due to formation of molecularly ordered layers at a static IL/solid interface that in turn would facilitate formation of a low-friction boundary when surfaces are set in relative motion (Horn, Evans & Ninham, 1988) . However, experimental results demonstrated that these ordered layers can be disrupted in a rubbing contact, which results in the disappearance of an effective slip plane (Atkin & Warr, 2007) (Gebbie, Valtiner, Banquy, Fox, Henderson & Israelachvili, 2013; Min, Akbulut, Sangoro, Kremer, Prud'homme & Israelachvili, 2009; Perkin, 2012; Perkin, Albrecht & Klein, 2010; Smith et al., 2012) . This complication can potentially be overcome through the use of additives. In particular, polymer additives are commonly used to enhance lubrication of aqueous and oil based lubricants to yield superior thin film and boundary lubrication properties. For ILs it was shown that the presence of adsorbed polymer layers that are also highly solvated can protect molecularly layered ionic structures from immediate destruction by shear forces, thereby preserving the low friction slip plane (Perkin, Albrecht & Klein, 2010) . In addition, in comparison to solvents alone, the presence of adsorbed polymers with high viscoelasticity have significantly better load bearing capacity, i.e., they cannot be easily squeezed out under compression (Harvey, Yakubov, Stokes & Klein, 2011) .
Polysaccharide polymers, such as pectins, starches, chitosan, and cellulose are promising additives due to their low cost and abundance, and because they are highly soluble in ILs, which is a key prerequisite for the formation of a solvated polymer film (Liu & Budtova, 2012) . As it was recently shown, IL salts solvate polysaccharides by forming hydrogen bonds with their hydroxyl groups (Mateyawa et al., 2013; Remsing, Swatloski, Rogers & Moyna, 2006; Zhang, Liu, Xiang, Kang, Liu & Huang, 2014) . These interactions disrupt the complex intermolecular hydrogen bonding network present in many polysaccharides and promote their dissolution. For examples, an IL, 1-ethyl-3-methylimidazolium acetate (EMIMAc) is used to solubilise waxy starches (Liu & Budtova, 2013) , with the suggested conformation of amylopectin in EMIMAc being similar to the one observed in water, i.e., as a compact ellipsoid. It was also found that the mixed solvents of EMIMAc and water contribute to the complex phase transition in starches that involves gelatinization and dissolution, whereby two processes can occur either competitively or synergistically depending on the EMIMAc/water ratio (Mateyawa et al., 2013; Xie et al., 2014; Zhang et al., 2015) .
Despite a promising set of properties, such as solvation, the mechanism of polysaccharide lubrication in ionic liquids remains totally unexplored. Furthermore, there is a degree of uncertainty whether addition of polymers will result in significant modification of boundary lubrication properties. In the boundary regime, the lubrication is dominated by the presence of an adsorbed film, the formation of which may be energetically unfavourable due to strong hydrogen bonding between IL and polymer molecules.
In this work, we show for the first time the enhanced lubrication of an IL-based solvent, which is achieved by using starch polysaccharides as an additive (0.1-0.5 wt%). Starch, as a biopolymer from agro-sources, has already attracted intense interest in materials science, especially for developing biodegradable plastics (Shogren, Fanta & Doane, 1993) . Naturally in plants, it exists in the form of granules 1 μm − 100 μm in size; each granule is composed of alternating amorphous and semicrystalline layers (growth rings) (100 − 400 nm in thickness); with the semi-crystalline layer in turn being formed by stacking crystalline and amorphous lamellae with periodicity of 9 − 10 nm. Starch consists of two major carbohydrates: amylose (mainly linear) and amylopectin (hyper-branched) (Fu, Wang, Li, Wei & Adhikari, 2011; Jane, 2009; Pérez, Baldwin & Gallant, 2009; Pérez & Bertoft, 2010) .
The structure of the granules varies significantly depending on the amylose/amylopectin content.
For example, the granules of high-amylose starches are more compact with fewer voids, which makes them less accessible for solvents compared to low-amylose starches (Chen, Yu, Simon, Petinakis, Dean & Chen, 2009; Chen, Yu, Simon, Liu, Dean & Chen, 2011 ).
In the current work, we discover that the starch polymers leach into EMIMAc-water mixtures from starch granules at room temperature. The leached polymer is capable of reducing boundary friction between rough polydimethylsiloxane (PDMS) elastomer substrates by up to 2.5 times compared to the pure solvent and up to 3 times compared to water. We also show that the presence of such soluble polymers results in the facilitation of suspension lubrication thereby enabling the use of starch suspension as lubricants without the need of separating insoluble materials.
Materials and methods

Materials, solution and suspension preparations
Two varieties of commercially available maize starches are used in this work, including waxy maize starch (Mazaca 3401X) (WMS), and Gelose 50 (G50); WMS is supplied by New Zealand Starch Ltd.
(Onehunga, Auckland, New Zealand), and G50 by Ingredion ANZ Pty Ltd. (LaneCove, NSW, Australia).
Both starches are chemically unmodified and the amylose contents for these two types of starches are 3.4 wt% and 56.3 wt% respectively, as measured by Tan et al. (2007) (Tan, Flanagan, Halley, Whittaker & Gidley, 2007) using the iodine colorimetric method. The original moisture contents are 12.4% and 13.6% respectively.
1-Ethyl-3-methylimidazolium acetate (EMIMAc) of purity ≥90%, produced by BASF, is supplied by Sigma-Aldrich, and is used as received without further purification. Deionized water is used in all instances.
EMIMAc-water mixtures are prepared by adding water to obtain desired EMIMAc/water mass ratios of 50/50, 55/45, 60/40, 65/35, and 70/30 . Solutions are then placed on ice to minimise heating upon mixing. After 10-15 min, the solutions are placed in the fume hood at room temperature (24°C) to equilibrate for ∼1h.
Starch suspension and solution preparations
Suspensions are prepared by mass by mixing an aliquot of starch into a measured amount of the EMIMAc-water mixture at room temperature (24°C). The suspensions are shaken for 1 minute and then stored for 24 hours prior to use.
Solutions of soluble starch are prepared by centrifugation of the suspension (4000g, 30 min) and separating the supernatant. Thereafter, an aliquot of the supernatant is precipitated with ethanol ( )
The precipitate is separated, dried (110°C, 12 h), and weighed. The solute content in the supernatant is then back calculated based on the mass of the precipitate. EMIMAc-water solvent is then used to adjust the concentration to the desired value. The precipitated material is also used for size exclusion chromatography (SEC).
The precipitate can be easily re-dissolved in the EMIMAc-water solvent, and the properties of the obtained solutions are identical to that of a supernatant. For simplicity, the supernatant solutions are used in a majority of the experiments.
Tribological measurements
The friction measurements are performed using a Mini Traction Machine (MTM, PCS Instruments Ltd, UK). The rubbing contact consists of a polydimethylsiloxane (PDMS) (SYLGARD® 184 Silicon Elastomer Kit, Dow Corning, MI) ball of radius 0.95 cm and PDMS disc of radius 23 mm and thickness 4 mm. The discs used are with two surface roughness values: 'smooth' with a root-mean-square (RMS) roughness of 9 nm, and 'rough' with an RMS roughness of 380 nm. The PDMS ball has only one surface RMS roughness at 26 nm. The Young's modulus of the PDMS is 2.4 MPa (Bongaerts, Fourtouni & Stokes, 2007) . Untreated hydrophobic PDMS surfaces, water contact angle ca. 95°, were used unless stated otherwise. (Bongaerts, Fourtouni & Stokes, 2007) . A load, L, is applied onto the ball and the normal force is measured using a strain gauge installed on the leaf spring of the MTM. The lateral friction force, F f , and the normal load yield the friction coefficient,
One way of representing friction in different lubrication regimes is using a so-called Stribeck curve, in which the friction coefficient is plotted against the product of U and the viscosity η . For each entrainment speed, at a constant SRR, ten friction measurements are taken and averaged. To test for hysteresis, each entrainment speed is tested twice in the same experiment; measurements are first taken from the highest speed 1000 mm/s and the speed is step-wise decreased to the lowest speed of 1 mm/s, after which the speed is increased again to 1000 mm/s.
For comparative purposes, to show how the starch alters the friction coefficient at a specific entrainment speed, a relative friction coefficient (µ r ) is used that is defined as the ratio of the friction coefficient for a starch solution in EMIMAc-water and a reference solution. The reference solution is either water or the solvent in which the starch is dispersed: 
Rheological measurements
Rheological measurements are carried out at 24°C on a TA AR G2 (New Castle, Delaware, USA, TA Instruments) rheometer using a 40 mm Titanium parallel-plate in combination with the manufacturer's Peltier Plate unit; a cover is placed over the geometry and small drops of solution are placed around the perimeter of the sample (but not touching the sample) to limit evaporation/water absorption. To obtain reliable viscosity data on the diluted samples, the narrow gap approach is used (as reported elsewhere (Boehm, Shewan, Steen & Stokes, 2015; Stokes, Davies, Macakova, Yakubov, Bongaerts & Rossetti, 2008) ). Briefly, gaps on the order of 10 µm are used to achieve shear rates on the order of 10 5 s -1
, which places measurements in an accessible torque range; one must be certain, however, that the Reynolds number is less than 100, otherwise inertial forces contribute. The narrow gap approach is made possible by, first, determining the gap error then adjusting the experimental data according to well-documented mathematical procedures (Davies & Stokes, 2005; Kravchuk & Stokes, 2013) . Additionally, samples are precision loaded via micropipette (Transferpette 10 µL-100 µL, BrandTech). The exact volume is calculated based on the diameter of the geometry and the gap plus the gap error, with an additional ≈ 0.5 µL to provide a slight overfill that can be trimmed.
Ellipsometric measurements
Thickness measurements of an adsorbed layer of starch on a model hydrophobic surface are performed using a J. A. Woollam vertical variable angle spectroscopic ellipsometer V-VASE (USA) equipped with a 5 mL vertical liquid cell (model TLC-100). The model surface is a mixed alkanethiol layer on gold (Sedeva, Fornasiero, Ralston & Beattie, 2010) , formed by adsorption from an ethanol solution consisting of 0.3 mole fraction of 16-mercapto-1-hexadecanol (HO-(CH 2 ) 16 SH, 99%, Frontier Scientific) and 0.7 mole fraction of 1-hexadecanethiol (CH 3 (CH 2 ) 15 SH, 95%, Sigma Aldrich), of total thiol concentration 10 mM. The gold substrate is produced by CVD, as described and characterised elsewhere (Beattie et al., 2015) . The thiol-coated substrate has an advancing water contact angle ∼90°, making the surface of similar hydrophobicity to PDMS, and thus a viable substrate for starch adsorption.
For all measurements, the ellipsometric parameters, Ψ and Δ (amplitude ratio and phase difference of reflected p (r p ) and s (r s ) polarized light), are measured for the required range of wavelengths (400-1000 nm) at the angle of incidence close to 75°:
These data are acquired for the underlying gold substrate without any liquid present, and for the EMIMAc-water solvent above the silicon wafer calibration standard for the liquid cell. These measurements are used to generate optical constants for the substrate and the solvent (using the WVASE32 software from JA Woollam, USA), which are then used to enable data from the adsorption experiment to be analysed, using a three layer model (thiol-coated gold/starch adsorbed layer/EMIMAc-water ambient solution). The thickness of the starch layer was obtained by fitting the polymer layer as a single Cauchy medium (Born & Wolf, 1999 ) (which assumed the layer is homogeneous and transparent). In order to determine thickness, the refractive index of the adsorbed layer at 590 nm was taken to be 1.48. This value is realistic when one considers the refractive index of non-hydrated starch granules (1.50) (Luallen, 2002) and the refractive index of the solvent (1.45).
Optical microscopy
Optical characterisation of the starch suspension is performed using a LSM 100 (Zeiss, Germany) inverted optical microscope for differential interference contrast (DIC) imaging and an upright AxioScope A1 (Zeiss, Germany) microscope for polarised light imaging. A small drop of starch suspension (with 0.5 wt% starch content) is transferred by a micro-pipette onto a glass slide which is then covered by a 0.17 mm glass cover slip. A range of magnifications from ×100 to ×630 is used. All microscopy experiments are done at room temperature. Acrylate solution was used to seal the sample between two glass surfaces to avoid evaporation during observation.
Results and Discussion
3.1. The effect of EMIMAc-water mixture composition on the starch granule morphology and leaching of starch material.
The G50 suspended in EMIMAc-water mixture shows a partial leaching of starch material from the granules into the soluble phase. As a result, a molecular solution of amylose and amylopectin forms.
The solubility of the G50 starch in the EMIMAc-water mixtures displays a transition for EMIMAc concentration between 55 and 60 wt%. For EMIMAc/water composition at and above 60/40 (i.e., EMIMAc/water solvent weight ratio), the solubility is found to increase ∼100 times, as shown in The nature of the molecular species partitioned into the liquid phase was found to be similar to that of native starch, i.e., amylose and amylopectin. The size exclusion chromatography of hydrolysed samples showed a dramatic change in the composition of the soluble starch depending on the composition of solvent (Figure 4 ). For solvents containing < 60 wt% EMIMAc, the predominant molecule leached from the granules is amylopectin (>90 wt% of the total soluble starch), with amylose accounting only for ∼1-2 wt%. For solvents containing ≥ 60 wt% EMIMAc, which is above the solubility transition, the fractions of amylose and amylopectin leached into the solvent are roughly equal; this ratio roughly corresponds to the composition of G50 starch, which has an amylose content of 56.3 wt%. Although the reason behind the difference in the solubility of amylose and amylopectin in EMIMAc-water mixtures < 60 wt% is unclear, it is possible to suggest that for low levels of solubility the heterogeneity of starch granule structure and composition may affect the result (Dhital, Shelat, Shrestha & Gidley, 2013) .
The analysis of molecular weight under native conditions (i.e., without hydrolysis) showed a slight decrease in the amylose molecular weight compared to native starch, however the decrease is found to be marginal (Figure 4 , Supplementary Information). Both chromatography results were similar for materials isolated from 2 wt% and 5 wt% suspension, suggesting that solutions formed under both conditions are below the solubility limit of amylose and amylopectin in the respective solvents.
Boundary lubrication of Solubilised Starch between Hydrophobic surfaces
For the lubrication study, we utilise the G50 starch polymers extracted from dissolution in 65/35 solvent mixture where there is equal proportion of dissolved amylose and amylopectin. Lubricants are produced by adding either water or EMIMAc to the 65/35 supernatant (after centrifugation) that contains the solubilised species to investigate how they affect lubrication under different solution environments (solvent ratio), which is expected to influence the conformation of the polymers and their adsorption to PDMS surfaces. In addition, the 65/35 solvent mixture is also used to extract leachable material from waxy maize starch (WMS), which contains predominantly amylopectin.
From this preparation, 0.25 and 0.33 wt% starch solutions are prepared. WMS showed high solubility in 65/35 and desired concentrations were achieved using only 0.5 wt% of WMS suspension.
To detect and confirm the presence of an adsorbed layer of starch, ellipsometry measurements are performed on a model hydrophobic surface (alkanethiol on gold) of similar hydrophobicity to PDMS using 0.31 wt% solution of the G50 starch soluble polymer in the 65/35 solvent. First, the pure 65/35 solvent was passed over the substrate, followed by injection of the starch solution and an adsorption equilibration period of 20 minutes. Prior to evaluating ellipsometric parameters, Ψ and ∆, the fluid cell was flushed with pure solvent, thus leaving behind only strongly adsorbed polymer. The lubrication in our soft-tribological contact by EMIMAc-soluble starch components depends on both the solution environment (EMIMAc/water mixture ratio) and starch concentration. In Figure   5A , µ r at 5 mm/s is shown for 0.25 wt% soluble G50 starch solutions within different EMIMAc/water solvents, and for the solvent relative to water. The results are summarised in Table 1 . The µ r for the solvent decreases with increasing EMIMAc content. Of the solvent mixtures, the 70/30 solvent mixture has the lowest µ r ; this is due to it having a significantly higher viscosity than the other solvents such that viscous forces contribute to the frictional response and the system is in the mixed lubrication regime. The soluble G50 starch results in a significant decrease in friction coefficient compared to their respective solvents; for all starch solutions except 70/30 solvent mixture, µ r ∼ 0.5.
For the 70/30 solvent mixture, higher values of µ r are observed which is likely due the polymers having less effect in the mixed boundary regime where the viscosity of the solvent contributes significantly to the friction.
The friction results given in Table 1 demonstrate that the G50 starch polymers (in 65/35 solvent mixture) are more effective boundary lubricants than WMS starch polymers. These two starch types differ in terms of the main polymers extracted from the starches in the EMIMAc/water solvent; amylose and amylopectin is mainly solubilised from G50 starch; while amylopectin is the main polymer extracted from WMS starch. It is therefore suggested that the amylose leached from G50 is more active as a boundary lubricant than amylopectin. We note that the leachable starch material comprises only a very small fraction of the total starch, and since the SEC results showed a detectable decrease in molecular weight of leachable amylose compared to native starch, it is possible to suggest that the solubility of amylose is highly selective in EMIMAc/water mixtures, and potentially depends on the structure of amylose inside the granule and its molecular weight.
Despite the fact that the boundary friction coefficient for G50 starch in 50/50, 55/45, and 60/40 solvent mixtures are very similar, the evolution of friction force with time of measurement displays dramatic difference as shown in Figure 5B . For the G50 starch solutions in 50/50 and 55/45 solvent, we observe a slow decrease in friction that roughly follows the exponential decay ( ) The steady state µ r values for the G50 starch solutions, relative to water and solvent, are given in Table 2 . In regards to the G50 starch extracted into 50/50 solvent mixture, there is a 20% decrease in friction coefficient due to the presence of starch (µ r ∼ 0.8), and this is unaffected by improving solvent quality by exchanging it to the 65/35 solvent mixture. In contrast, there is a 50% decrease in friction from the presence of G50 starch extracted into 65/35 solvent mixture, i.e., µ r ∼ 0.5 (relative to solvent). When the 65/35 solvent is changed to the 50/50 mixture, which is of lower solvent quality and thus a less favourable environment for the starch polymers, the friction increases dramatically. We note that after the solvent exchange to the 50/50 mixture the friction for '65/35' extractable material is similar to that found for the '50/50' material, despite a large difference in starch concentration; 0.23% versus 0.008% correspondingly.
The result of this experiment strongly suggests that the lubrication properties of the surface film are sensitive to solvent quality. When the starch polymers are adsorbed in favourable environment, a subsequent decrease in solvent quality (as indicated by decreased solubility) causes the responsive adsorbed polymer films to become more compacted and less-solvated, which is less lubricating (higher boundary friction). Such a link between solvation and lubrication of polymeric surface films has been documented in numerous aqueous systems such as molecular brushes and proteinaceous layers (Klein, Zhang & Wilhelm, 2000; Macakova, Yakubov, Plunkett & Stokes, 2010 Yakubov, Macakova, Wilson, Windust & Stokes) .
Tribological behaviour of starch suspensions and the influence from solubilised starch polymers
Starch suspensions refer to the full suspension of starch in water or EMIMAc/Water mixtures prior to centrifugation; it therefore contains both soluble and insoluble species. The tribological behaviour of starch suspension is assessed using roughened PDMS surfaces; rough surfaces are employed to facilitate entrainment of insoluble particle as shown previously for glass spheres suspensions (Yakubov, Branfield, Bongaerts & Stokes, 2015) and hence probe more directly the effects associated with the friction between starch suspensions and the PDMS surfaced.
In Figure 6A , the Stribeck curves for water and G50 starch suspensions (0.5 wt% and 2 wt%) in deionised water are presented. Due to a combination of the compliant nature of the elastomer substrates and roughness, a characteristic decrease in friction coefficient with decreasing speed is observed even for a Newtonian fluid (water) (Persson, 2000) . The presence of starch granules results in the decrease in the friction coefficient, with Stribeck curve for the suspension qualitatively following a Newtonian Stribeck curve down to Uη ∼ 10 µN/m. Below ∼ 10 µN/m, the presence of the suspension results in further enhancement of lubrication compared to water, which appears on the graph as the widening of the gap between the Newtonian and suspension Stribeck curves. Such a decrease in friction at low speeds was observed and examined in detail previously using model suspensions of glass beads in various Newtonian solvents. Based on this parallel observation, we can hypothesise that the reduction in friction at low speeds (Uη < 10 µN/m) is associated with the entrainment of particles into the contact and the subsequent change from sliding-to rollingdominated friction, whereby entrained particles provide a ball-bearing effect (Yakubov, Branfield, Bongaerts & Stokes, 2015) .
In Figure 6B , the Stribeck curve for G50 starch suspensions in water measured at 60°C illustrates the effect of the temperature when starch granules are more swollen compared to their state at room temperature. In this case, a significant change in the Newtonian master curve is associated with softening of the PDMS at elevated temperatures. The characteristic positive slope of the apparent boundary regime is again associated with the viscoelastic effects in the compliant substrate (Bongaerts, Fourtouni & Stokes, 2007; Persson & Scaraggi, 2009; Scaraggi & Persson, 2014) .
The G50 suspensions marginally reduce friction in a similar fashion to the case at the room temperature; however, it appears that the shape of the curve for the suspension is similar to the Newtonian master curve, suggesting minimal contribution from the particle ball-bearing effect. This hypothesis is tested further by performing measurements at 60°C on the G50 suspension that prior to measurements has been gelatinised at 95°C for 4 hours ( Figure 6C ). Gelatinisation results in the deformation of starch granules, with many particles adopting irregular shapes, as can be seen in Figure 6D . The Stribeck behaviour of such irregularly shaped particles was found to be identical to non-gelatinised starch particles. This result enables us to conclude that the reduction in friction coefficient is not associated with the ball-bearing effect. Instead, the reduction in friction is likely to be associated with granules being trapped within surface asperities, which reduces the effective area of highly frictious PDMS-PDMS contact and provides enhancement of lubrication. It is also evident that at room temperature this entrapment effect dominates the Stribeck behaviour, with only a small contribution coming from particle ball bearing effect at low entrainment speeds. The reduction in friction also depends on the particles' phase volume, which is particularly evident from the Stribeck curves recorded at 60°C, which is associated with the increased probability of particle entrainment into the contact for more concentrated suspensions. At both temperatures we observed a hysteresis between the Stribeck curves recorded on the ascending and descending ramp of the speed, with the ascending curve usually positioned slightly higher than the descending one.
The origin of hysteresis can be either associated with the accumulation of starch granules at the inlet of the rubbing contact (Gabriele, Spyropoulos & Norton, 2010) , as well as with sedimentation of starch granules. The Stribeck behaviour of EMIMAc-water mixtures is shown in Figure 7 . The EMIMAc-water solvents display a clear enhancement of lubrication in the mixed regime, while the facilitation of boundary lubrication compared to water is modest. This behaviour is consistent with our observation that EMIMAc-water mixtures have a lower contact angle on the hydrophobic PDMS compared to water, which facilitates fluid entrainment into the gap between surfaces. This in turn extends the range of the elastohydrodynamic lubrication to the lower values of Uη, which in turn shifts the onset of the mixed lubrication regime to lower Uη. The result also demonstrates that potential layering at the solid liquid interface for the EMIMAc-water solvents is not translated into the effective boundary lubrication effect, probably due to disruption of such layers under rubbing conditions (Atkin & Warr, 2007; Min, Akbulut, Sangoro, Kremer, Prud'homme & Israelachvili, 2009 ). Stribeck curves corresponding to pure water measured against the same substrate and temperature are displayed for reference. All measurements were done at 24°C.
The presence of soluble starch was found to significantly affect Stribeck behaviour. For the 50/50 solvent mixture, the presence of soluble starch results in the shift of the mixed regime to the low values of Uη, with boundary friction coefficient; however, remaining largely unaffected (see also Figure 5 for the reference). We note that both curves are normalised against their respective viscosities, and therefore the shift in the mixed regime is not associated with the bulk viscosity. We also note that the transition from the elastohydrodynamic regime to the mixed one occurs at the same value of Uη for both fluids. This suggests that potential difference in wettability and the resulting enhancement of fluid entrainment is unlikely to be a key driving mechanism. The observed behaviour, however, would be consistent with a scenario whereby the effective local viscosity of the fluid confined within the asperities increases with decreasing Uη. It is plausible to hypothesise that starch molecules soluble in the 50/50 solvent could form a weakly adsorbed/associated layer that changes the local viscosity of the fluid in the vicinity of the surface, leading to an apparent enhancement of mixed lubrication. On the other hand, such a 'film' has not significantly enhanced lubrication in the boundary regime where surfaces are in more intimate contact.
By contrast, the behaviour of starch solutions in the 65/35 solvent mixture shows qualitative changes in both mixed and boundary regimes. The boundary friction, as discussed in the previous section, decreases by about 50%, while the mixed regime appears to have a much lower slope
compared to the solvent. Even by shifting the Stribeck curves using a hypothetical value of effective viscosity one would not be able to match the solution with the solvent. Such behaviour confirms ellipsometry data and is suggestive of a stable boundary film that prevents direct PDMS-PDMS asperity contacts and facilitates fluid entrainment into the narrow gap.
As expected, the behaviour of 2% G50 starch suspensions largely follows that of the respective solutions, with deviations becoming apparent only at low Uη. For the suspension in 50/50 solvent mixture, one can observe a clear decrease in the friction coefficient for Uη < 0.03 mN/m, which is qualitatively similar to the behaviour of granules in water associated with the facilitation of lubrication via a particle ball-bearing mechanism. For the suspension in 65/35 solvent mixture, the deviation from the respective solution is minimal. This suggests that the boundary film formed by the soluble starch molecules inhibits the ball-bearing effect of the granules. Most likely, this is due to a significant reduction in the sliding friction between the granule and film-modified PDMS surface. With increasing suspension concentration from 0.5 wt% to 2 wt% G50 starch, a contribution from particle ball bearing becomes apparent, whereby 2% G50 starch suspensions display a stronger drop in friction coefficient at lower values of Uη. This is associated with the increased probability of particle entrainment and confinement between PDMS surfaces. Although the behaviour of starch suspensions in 50/50 and 55/45 solvents are similar, there is a difference in the hysteresis between
Stribeck curves recorded with increasing and decreasing speeds. This is indicative of a contribution from sedimentation whereby sedimentation is more pronounced in less viscous 50/50 solvent. at 24°C; (C) 0.5 wt% G50 at 60°C; (D) 2 wt% G50 at 60°C. Open symbols correspond to pure G50 suspension in pure water (see Figure 6 for more details). The Stribeck curves corresponding to pure water measured against the same substrate and temperature are displayed for reference.
This Stribeck behaviour changes when experiments are performed at 60°C. Under these conditions the 2 wt% G50 starch suspensions in all solvents behave nearly identical, which is likely to be associated with the increased concentration of the starch material in the solution ( Figure 3B ). It appears that for all solvents at 60°C enough material has been leached into the solution from the 2 wt% G50 starch suspension to enable formation of a lubricating surface coating. By contrast, the 0.5 wt% G50 starch suspensions at 60°C display somewhat differentiated behaviour, with the '50/50' curve displaying a characteristic shape indicative of a particle ball-bearing effect. We note that for both G50 concentrations the properties of starch granules should be identical, while the concentration of the leached starch in the solution is different. This result strongly supports the hypothesis that particle ball bearing effect is abolished by the presence of the surface film rather than by changes in the surface properties of the starch granules. We also note that changes in the suspension behaviour from 24°C to 60°C are not associated with the changes in the rheological properties of EMIMAc-water solvents, which is taken into account by using the corresponding values of viscosity (the reference Stribeck recorded for pure EMIMAc and 60/40 EMIMAc-water solvent at 24°C to 60°C are provided in Figure 6 of Supplementary Information). Likewise the viscosity of suspensions ≤5 wt% was found to follow the Einstein equation
suggesting that for low suspension concentrations the granules are not aggregating and their collisions are purely elastic.
As expected, the increase in the temperature results in more partitioning of starch material and hence the lubrication even for low EMIMAc content becomes dominated by the soluble polymer.
Conclusions
In this work, we showed for the first time that starch polysaccharides can act as effective additives for IL lubrication. In particular, the soluble fractions of G50 starch are found to be promising candidates to facilitate lubrication of EMIMAc-water solvents, and solvent quality-responsive polymer films are formed at surfaces. We also found that starch suspension lubrication is controlled by the interplay between insoluble starch particulates (suspension-dominated friction) and dissolved starch components (polymer-dominated friction), which in turn depends on the amount of polymeric materials leached from starch in EMIMAc-water solvents. For the solvents with EMIMAc content below 60 wt%, we observed behaviour similar to that for particles in Newtonian solvents and such behaviour is explained by the entrainment of the particles into the contact (Yakubov, Branfield, Bongaerts & Stokes, 2015) . With increasing EMIMAc content to 60 wt% and above, which is a favourable condition for starch polymer dissolution, a switch from the suspension-dominated lubrication to the polymer-dominated lubrication is observed.
Remarkably, the presence of very low amounts of soluble polymer (∼ 0.25 wt%) completely abates particle contribution to the frictional response. We speculate that this occurs due to the formation of a lubricious polymer surface film on hydrophobic PDMS that prevents particles from being entrained into the contact. These findings may have wide implications in engineering tribology and biotribological applications, including in utilising, controlling and understanding starch and IL lubrication but also generally with regards to understanding the relative impact of suspended particles and polymers on boundary and mixed lubrication. 
